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Dynamic expression patterns of four retinoid-metabolizing enzymes create rapidly changing retinoic acid (RA) patterns in
the emerging eye anlage of the mouse. First, a RA-rich ventral zone is set up, then a RA-poor dorsal zone, and finally a
tripartite organization consisting of dorsal and ventral RA-rich zones separated by a horizontal RA-poor stripe. This
subdivision of the retina into three RA concentration zones is directly visible as b-galactosidase labeling patterns in retinas
f RA-reporter mice. Because the axons of retinal ganglion cells transport the reporter product anterogradely, the central
rojections from dorsal and ventral retina can be visualized as two heavily labeled axon bundles. Comparisons of the axonal
abeling with physiologic recordings of visual topography in the adult mouse show that the labeled axons represent the
pper and the lower visual fields. The RA-poor stripe develops into a broad horizontal zone of higher visual acuity.
omparisons of the retina labeling with eye-muscle insertions show that the axis of the RA pattern lines up with the
orsoventral axis of the oculomotor system. These observations indicate that the dorsoventral axis of the embryonic eye
nlage determines the functional coordinates of both vision and eye movements in the adult. © 2000 Academic Press
Key Words: retinaldehyde dehydrogenases; AHD2; RALDH2; CYP26; retinofugal projections; retinotopy; optic axons;
lateral geniculate nucleus; superior colliculus; oculomotor coordinates.b
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dINTRODUCTION
The vertical dimension of the visual field has dispropor-
tionate biologic relevance. This is evident in a distorted
neuronal magnification of the visual space: the representa-
tion of the visual field in the brain is anisotropic along the
vertical and horizontal meridians. For the central part of the
visual field, significantly more brain space is allotted to the
representation of the vertical than to the horizontal dimen-
sions in most of the vertebrates in which the visual field has
been mapped (Dow et al., 1985; Dra¨ger and Hubel, 1976;
Hughes, 1971; Rosa et al., 1999). Vitamin A derivatives
erve two functions in animals: retinaldehyde forms the
isual chromophore and retinoic acid (RA) regulates gene
xpression. Retinoids act as discriminating factors both in
ision along the vertical visual-field meridians and in the
ormation of the dorsoventral retina axis in the early
ertebrate embryo. A universal visual difference along the
ertical visual field is that the upper field toward the sky is
1 To whom correspondence should be addressed at the E. K.
Shriver Center, 200 Trapelo Rd., Waltham, MA 02452. Fax: (781)1642-0174. E-mail: UDrager@shriver.org.
460righter than the lower field toward the ground. This light
ifference correlates with several sensory differences along
he corresponding retina axis, including differences in the
omposition of photoreceptors (Sze´l et al., 1992) and differ-
nces in retinaldehyde forms used as visual chromophores
oth in some insects (Seki et al., 1989) and in some
ertebrates (Reuter et al., 1971). The function of retinoids in
ranscription is prominent only in vertebrates (Laudet,
997). RA is especially important for eye formation, and its
ole differs along the dorsoventral axis (Dra¨ger and McCaf-
ery, 1997). In the early zebrafish embryo, RA deficiency
auses loss of the ventral retina (Marsh-Armstrong et al.,
994), and RA excess causes loss of dorsal-retina markers
Hyatt et al., 1996).
The RA-sensitive period during eye formation in ze-
rafish corresponds roughly to the eighth day of embryo-
enesis in the mouse (Marsh-Armstrong et al., 1994). Dur-
ng this day the future eye arises from the smooth anterior
eural plate as an optic pit bulging out into an optic vesicle.
our retinoid-metabolizing enzymes appear in the eye an-
age at this day, the three RA-synthesizing aldehyde dehy-
rogenases RALDH2, V1, and AHD2 (McCaffery et al.,
993) and the RA-degrading cytochrome P450-linked oxi-
0012-1606/00 $35.00
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461Retinoic Acid in the Developing Visual Systemdase CYP26 (Fujii et al., 1997; McCaffery et al., 1999; Ray et
al., 1997; White et al., 1996). (RALDH2 is synonymous with
V2; AHD2 is also called ALDH1 or RALDH1, and CYP26 is
the same as P450RAI.) We describe here an analysis of the
temporal and spatial expressions of these four enzymes in
the emerging mouse eye. The RA changes created by the
dynamic enzyme patterns are apt to generate the locally
high RA levels necessary for formation of the ventral retina
and the locally low RA levels required for formation of the
dorsal retina. In lieu of a histological marker for the V1
aldehyde dehydrogenase, we show the likely effects of the
RA synthesized by it in the labeling patterns of a RA
reporter mouse (Rossant et al., 1991). The same reporter
mouse strain was used for the visualization of the retinofu-
gal projections from the dorsal and ventral embryonic retina
toward the primary visual targets, because the LacZ re-
porter product is transported axonally. We hypothesize that
the axonal reporter labeling serves to visualize a potential
influence which the retina can exert on visual targets
through anterograde transport of RA-synthesizing aldehyde
dehydrogenases.
MATERIALS AND METHODS
Most of the in situ hybridizations were done on embryos
raised in a B6/D2 outbred colony purchased from the Jackson
Laboratory. The embryos were staged following Theiler’s (1972)
criteria, in which the day following mating is defined as embry-
onic day 0 (E0). The RA-reporter mice were descendants of a CD1
line generated by J. Rossant (Rossant et al., 1991). The mice are
transgenic for the bacterial b-galactosidase gene, driven by
multiple copies of the RA-sensitive response element from the
RARb and the universally expressed hsp60 promoter. Because
CD1 mice are albinos, a condition known to affect retinofugal
projections (Dra¨ger and Olsen, 1980; Guillery, 1974; LaVail et
al., 1978; Lund, 1965), we checked the results presented here in
crossings with pigmented B6/D2 mice. Except for subtle changes
in the collateral branching patterns, we saw no difference
between pigmented and albino RA-reporter mice. The pig-
mented RA-reporter mice were also used for the comparison of
the retina pattern with the oculomotor coordinates (see Fig. 4,
bottom). All animals were briefly anesthetized with ether and
killed by cervical dislocation, following an approved protocol
and in compliance with the recommendations of the Panel on
Euthanasia of the American Veterinary Medical Association.
The embryos were quickly placed into ice-cold tissue culture
medium, where all dissections were carried out. For in situ
hybridizations, the embryos were fixed in paraformaldehyde and
processed as previously described (McCaffery et al., 1999). The
RA-reporter tissue samples were fixed in glutaraldehyde and
processed following J. Rossant’s protocol (Rossant et al., 1991).
The electrophysiological data represented here are based on
single-unit recordings done on adult anesthetized C57BL/6J mice
some time ago, following published methods (Dra¨ger and Hubel,
1975, 1976). The superior colliculus map is redrawn from previ-
ously published data (Dra¨ger and Hubel, 1976); the geniculate map
was recorded in the same series of experiments but has not been
presented before. The physiologic experiments followed procedures
Copyright © 2000 by Academic Press. All rightapproved by the animal committee of Harvard Medical School and
NIH guidelines.
RESULTS
RALDH2
The three RA-generating aldehyde dehydrogenases
RALDH2, V1, and AHD2 account for all RA synthesis
detectable by the most sensitive biochemical assays in the
early retina and the early mouse embryo overall (McCaffery
et al., 1993). The RALDH2 enzyme is the first one ex-
pressed, appearing on embryonic day E7.5 in the future
trunk region of the gastrulating embryo (Dra¨ger and McCaf-
fery, 1995; Niederreither et al., 1997). In biochemical assays
on head regions dissected and pooled from several litters of
embryos, RALDH2 becomes detectable early on E8 (McCaf-
fery et al., 1993). In situ hybridizations on E8, however, give
inconsistent results in that the head is labeled in only a few
of the embryos in a litter, and the labeling intensity varies
(Niederreither et al., 1997). We attempted to determine the
cause of this variability. In mice the developmental
progress of embryos in a litter often differs by at least half a
day, because single embryos implant into the uterus and
begin development at different times. At later developmen-
tal stages, these age differences are barely noticeable, but
they are very obvious during E8, when the embryo under-
goes dramatic changes in shape. During this day the embryo
turns from its early lordotic into the more familiar kyphotic
flexure; the neural plate folds up to form a closed neural
tube, and the eye arises from the smooth neural plate and
shapes into an optic vesicle protruding outward from a
closed forebrain (Theiler, 1972). To minimize technical
sources of variability, we dissected several litters of day 8
embryos and processed them all simultaneously for
RALDH2 mRNA by in situ hybridization. All reacted
embryos were lined up and sorted into a developmental
sequence following Theiler’s criteria (Theiler, 1972), and
the ages were designated as approximate decimal fractions
of days. In such age series, a perfect temporal RALDH2
expression pattern becomes apparent. The RALDH2 label-
ing comes on rapidly early on E8 and has almost disap-
peared by E8.6, as illustrated in the 6 embryos, taken from
a series of ;40, shown in Fig. 1 (top). The same embryos are
viewed from their sides (left) and from ventral (right) (except
for the oldest one, which could not be lined up in focus on
its back). The transient RALDH2 labeling is located at the
rostral and ventral edge of the neural plate, and it disappears
when the eye begins to shape into a vesicle. Late on E8, the
head and eye are completely negative for RALDH2 mRNA.
Because RALDH2 appears before the eye can be made out
morphologically, we compared its expression to mRNA of
the homeobox gene Rx, an early and selective marker for
the entire eye field (Furukawa et al., 1997; Mathers et al.,
1997); see Fig. 1, bottom. RALDH2 expression is seen to be
activated slightly more than half a day after Rx, which
appears around E7.5, when the eye field consists of a
s of reproduction in any form reserved.
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462 Wagner, McCaffery, and Dra¨gercommon area across the rostral midline (Furukawa et al.,
1997). The selective location of RALDH2 in the Rx-defined
eye field is most obvious when the eye is just beginning to
become visible as an optic pit. The half-ventral view into
the still-open forebrain of the two embryos at E8.3 shows
Rx expressed in the entire region of the optic pit and
FIG. 1. (Top) Lateral and ventral views of mouse embryos during
expression of RALDH2 at the rostroventral edge of the forebrain p
(Furukawa et al., 1997; Mathers et al., 1997). The restricted localiza
he eye is beginning to emerge as an optic pit (bottom middle).
IG. 2. Developmental sequence of RA-reporter embryos to show
nd then also in the brain. Most of this activity is caused by the RA
cCaffery et al., 1993).RALDH2 restricted to its ventral rim. Later on E8, Rx
Copyright © 2000 by Academic Press. All rightontinues to be strongly expressed in the eye vesicle, but
ALDH2 mRNA has disappeared.
V1 Aldehyde Dehydrogenase
The second RA-generating enzyme, the V1 aldehyde
of development, reacted for RALDH2 mRNA. Note the transient
(Bottom) Expression of RALDH2 in the eye anlage marked by Rx
of RALDH2 in the ventral part of the eye field is best visible when
pidly increasing RA activity in the head, first in the larger eye field
erating V1 aldehyde dehydrogenase (McCaffery and Dra¨ger, 1994a;day 8
late.
tion
the ra
-gendehydrogenase, becomes detectable in biochemical assays
s of reproduction in any form reserved.
463Retinoic Acid in the Developing Visual SystemFIG. 3. (Top) Three day 8 embryos reacted for CYP26 mRNA. In the head early on E8, CYP26 is restricted to neural crest cells migrating
into the face. Around E8.5, CYP26 becomes detectable in the dorsal eye field. (Bottom) Two embryos during the later part of E8, reacted
for AHD2 mRNA. Note that this dehydrogenase appears in the dorsal eye anlage in a location similar to that of CYP26, but a few hours
later.
FIG. 4. (Top) Isolated retina cups of different ages from RA-reporter mice, viewed from back and front; dorsal is up and ventral down. The
dorsal compartment reflects AHD2 activity, the ventral compartment reflects V1 activity, and the horizontal white stripe is caused by RA
degradation through CYP26. (Second from top) Embryonic RA-reporter retinas double labeled for CYP26. Note that the purple CYP26
labeling fits into the white stripe. The dots mark the ventral optic fissure. (Third from top) Whole mount of a postnatal day 17 (P17) retina,
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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464 Wagner, McCaffery, and Dra¨geraround E8.5 (McCaffery et al., 1993). In the early embryo,
e find it only in two locations, the eye region with
djoining face and the ventral telencephalon (McCaffery
nd Dra¨ger, 1994a). Because we do not yet have a histolog-
cal marker for V1, we used a RA-reporter mouse strain
Rossant et al., 1991) to show its likely effects. These mice
are transgenic for a RA response construct that drives
expression of b-galactosidase. Embryos of this strain show
striking and complex patterns of reporter labeling. These
patterns indicate which tissue sites are capable of respond-
ing to RA (i.e., express RA receptors, etc.) and, in addition,
are located close to an endogenous source of RA. In the
early embryonic trunk region, where RALDH2 is the only
RA-generating enzyme, the RA-reporter labeling is similar
to the RALDH2 expression (Dra¨ger and McCaffery, 1995;
McCaffery and Dra¨ger, 1994b; Niederreither et al., 1997;
ossant et al., 1991; Zhao et al., 1996). In the head,
owever, the reporter labeling deviates from the RALDH2
abeling. This becomes evident in a comparison of the
ALDH2 series (Fig. 1) with a similar age series of RA-
eporter embryos (Fig. 2); the younger reporter embryos in
ig. 2 are viewed from ventral and the older ones from
ateral. The reporter labeling appears first at the ventral rim
f the optic pit, an expression site that resembles RALDH2.
ver the next few hours, when RALDH2 mRNA disap-
ears, the reporter labeling becomes very strong and ex-
ands over the entire eye region and the surrounding face.
y E9, the labeled region splits into the eye area and a
eeper area in the beginning telencephalon.
The earliest reporter labeling at the ventral optic pit
robably reflects RALDH2 activity, and active RALDH2
nzyme at this location is likely to outlast degradation of its
RNA. Most of the reporter labeling in the eye and face
egion as well as in the brain, however, is likely to be caused
y the V1 aldehyde dehydrogenase, the most active RA-
enerating enzyme detectable in the rostral head at E9 by
iochemical assays (McCaffery et al., 1993). The spatial
istribution of the reporter labeling is probably not identi-
al to the expression of the V1 enzyme, but it only indicates
ts close vicinity, because the small lipid RA can easily
iffuse beyond its sites of synthesis. Throughout embryonic
nd early postnatal development, the V1 aldehyde dehydro-
enase is the source for the very high RA synthesis in the
entral two-thirds of the embryonic retina (McCaffery et
l., 1992).
viewed from the photoreceptor side. The RA-reporter labeling of the
expressed at this age; both CYP26 and V1 have disappeared (McC
RA-reporter mouse viewed from front and back. The cornea has bee
of the eye has been partially dissected clean to show a view of the
rectus superior is torn off close to the eyeball) are spread out to sho
arrows. The small white arrows at the back of the eye point out a c
these coordinates is below the nerve exit; the upper branch curves
D, dorsal; V ventral; N nasal; T, temporal.
Copyright © 2000 by Academic Press. All rightCYP26 and AHD2
The RA-degrading cytochrome P450-linked oxidase
CYP26 is the third retinoid-metabolizing enzyme whose
mRNA becomes detectable in the eye anlage, as illustrated
in Fig. 3 (top). Early on E8, all CYP26 labeling in the head
region is in cells that form a streak and presumably migrate
into the face from the rhombencephalon, most likely neural
crest cells. In addition around E8.5, CYP26 mRNA appears
in the eye vesicle at its dorsal margin. The last retinoid-
metabolizing enzyme expressed in the eye region is the
class 1 aldehyde dehydrogenase AHD2. Its protein becomes
detectable in the dorsal part of the late eye vesicle at E9.0
(McCaffery et al., 1991). AHD2 mRNA appears late on E8 in
a central location of the dorsal eye vesicle, as shown in Fig.
3 (bottom). AHD2 expression is thus activated in a location
in the eye vesicle similar to that of CYP26, but a few hours
later.
Retinal Compartments
Early on, the AHD2 and the CYP26 territories overlap
transiently in the dorsal eye vesicle, but eventually all four
retinoid-metabolizing enzymes segregate into separate
fields. RALDH2 is expressed again in the eye region, but not
in the neural retina and only in the tissue surrounding the
eye; AHD2 accounts for RA synthesis in the dorsal retina,
V1 for RA in the ventral retina, and CYP26 for a horizontal
RA-poor stripe between the dorsal and the ventral fields
(Dra¨ger and McCaffery, 1997; McCaffery et al., 1999; Nied-
erreither et al., 1997). These subdivisions of the retina are
isible in the RA reporter mouse, as illustrated in Fig. 4.
eporter retinas of different ages are shown here as retina
ups, viewed from front and back, and as a flat mount for
he juvenile retina, viewed from the photoreceptor side.
he white horizontal stripe above the optic disc is caused
y expression of the CYP26 enzyme, as shown in the
ouble-labeled preparations. From double-labeled sections
e know that the CYP26 stripe runs parallel to the lower
order of AHD2 (McCaffery et al., 1999). While the RA
ubdivisions mark mostly the dorsoventral axis, also a more
ubtle distinction along the nasotemporal retina axis is
isible in the three upper images of Fig. 4. At the temporal
ut not the nasal edge of the retinas, both the white stripe
nd the CYP26 stripe do not quite reach the ciliary margin,
ut they are bordered by a thin zone of RA synthesis. This
ryonic retinal compartments persists, although only AHD2 is still
y et al., 1993, 1999). (Bottom) Eyecup from an adult, pigmented
ssected away at the ciliary margin and the lens removed. The back
a with underlying choroid. Stumps of the four rectus muscles (the
ir alignment with the AHD2 border in the retina, marked by large
hair system that we use for orienting postnatal eyes. The origin of
e right of the nerve in the right eye and to the left in the left eye.emb
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465Retinoic Acid in the Developing Visual Systemis caused by a thin temporal edge of AHD2 expression (not
shown here).
Expression of the dorsal AHD2 enzyme persists through-
out life in the mouse, while CYP26 mRNA disappears early
postnatally and V1 enzyme activity is gone by 2 weeks of
age (McCaffery et al., 1991, 1993, 1999). The reporter
abeling of the retinoid zones generally persists in the adult
etina, although at lower intensity than in the embryo, and
he dorsal AHD2 compartment tends to be strongest. The
eason for this persistence is not clear, but it seems to
arallel a change in retinal RA responsiveness from an
mbryonically plastic mode to lasting regional differences
ostnatally. When pregnant reporter mice are injected with
A, the horizontal white stripe in the embryonic retinas
lls in rapidly (within less than a day), but then rapidly
lears up again completely. Similar RA injections into
uvenile reporter mice do not cause labeling of the white
tripe, but they may intensify labeling of the dorsal and
entral retinal compartments (not shown here). Lasting
egional differences, which are set up by the embryonic RA
ompartments, are probably relevant for another phenom-
non that is apparent in Fig. 4: the relative width of the
hite stripe increases significantly between embryonic and
dult retinas. Although this feature still needs to be ana-
yzed in detail, the widening must indicate that disparate
etinal growth along the dorsoventral axis occurs within the
tripe region.
The persistence of the reporter labeling in the adult retina
llows one to compare the developmental retinoid compart-
ents with the oculomotor system in the functional eye, as
hown for an adult eyecup preparation (bottom of Fig. 4).
tumps of the rectus muscles are deflected out to demon-
trate their alignment with the border of the AHD2 com-
artment (large arrows). A practically useful coordinate
ystem, which follows the rectus muscles and which is best
isible in pigmented mice, is pointed out by the little white
rrows: the back of the eye contains a Cartesian coordinate
ystem in the form of choroidal blood vessels that originate
nder the optic nerve exit and project in straight lines
oward the dorsal, ventral, nasal, and temporal poles of the
ye. These lines mark precisely the ocular coordinates in
ostnatal mice and other rodents (McCaffery et al., 1993,
and unpublished).
Retinofugal Projections
Retina sections show that within the aldehyde dehydro-
genase domains the RA reporter is activated in all retinal
cells, including the ganglion cells and their axons. Large
amounts of b-galactosidase are apparently transported an-
erogradely by the optic axons toward their targets. The
mbryonic retina is exceptionally rich in RA-generating
ldehyde dehydrogenases and in RA, while most of the
rain, including the diencephalon and the optic tectum, is
evoid of RA-synthesizing enzymes (Dra¨ger et al., 1998, and
npublished). For this reason, the axonal projections from
he dorsal and ventral retina compartments stand out in the
Copyright © 2000 by Academic Press. All righteporter mouse as dark bundles on the light surface of the
i- and mesencephalon. This is illustrated for different ages
n brain-stem whole mounts, from which the telencephalic
esicles have been dissected away (Fig. 5A). At E13.5 the
rst optic axons have crossed at the chiasm and are growing
n the diencephalic surface. By E14.9 the labeled optic tract
as spread out over the surface of the lateral geniculate
ucleus, and the labeled axons appear divided into two
ortions, because the axons projecting from the RA-poor
YP26 stripe are not labeled (no hints of such subdivisions
re apparent, when the entire population of optic axons is
abeled with anterograde markers). The broader rostral
undle is likely to originate from the larger ventral part of
he retina expressing V1 and the thinner caudal bundle from
he smaller AHD2 domain. In the E16.5 preparation the two
undles can be seen to invade the optic tectum, with the
entral retina projecting to the medial and the dorsal retina
o the lateral tectum. At higher magnification than shown
ere, single axons and their growth cones can easily be
ollowed at the growth fronts in these preparations.
The spatial patterns of the two labeled optic tract por-
ions correspond with surface maps of the visual field
rojections to the geniculate and optic tectum (Fig. 5B), as
apped by single-unit recordings in adult mice (Dra¨ger and
ubel, 1976). For the comparison between immature and
dult geniculate topography, a correction has to be taken
nto account. Because the long axis of the brain, and
articularly the mesencephalic flexure (arrow), will
traighten out when the brain matures, the left geniculate,
s shown in the immature brains in Fig. 5A, will turn
lockwise. The position of the superior colliculus will
emain in the adult brain in a horizontal orientation similar
o that illustrated here. The upper visual field, which is
iewed by the ventral retina, maps rostrodorsally in the
eniculate and medially in the optic tectum (Fig. 5B). The
ower visual field can be seen to map caudoventrally in the
eniculate, although the recordings of this part of the
urface map appear compressed for technical reasons, due to
he downward slope of the diencephalic surface. In the optic
ectum, the lower field projects laterally. The topographical
ayout of the retinofugal projections is summarized in Fig.
C, which combines a retina sketch with a photograph of a
at-mounted E18 brain stem.
In mice, as in all lower mammals, most or all optic axons
roject to the superior colliculus (Hofbauer and Dra¨ger,
985; Linden and Perry, 1983), and the innervation of more
ostral visual targets, including the geniculate, nucleus
ateralis posterior, and pretectum, is supplied by collateral
ranches. These sites of collateral branches appear as en-
arged puffs in the reporter-labeled bundles in Fig. 5A, as
isible here from E16.5 onward. Postnatally, the optic tract
abeling becomes weaker and the branch sites stand out. All
reparations shown here were reacted for 2–3 h for
b-galactosidase product. When the postnatal preparations
are reacted for longer times (;half a day to a day), the optic
projections can be visualized in some mice for at least 3
weeks (not shown). In adult mice, as in all mammals, the
s of reproduction in any form reserved.
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467Retinoic Acid in the Developing Visual Systemoptic axons enter the tectum through the stratum opticum,
which is located some distance below the surface. In the
immature tectum, many axons are known to travel on the
tectal surface (Edwards et al., 1986). This is visible here in
he early postnatal preparations in the form of medial and
ateral tectal stripes (Fig. 5A). Hints of medial and lateral
ectal stripes are, however, apparent prior to the arrival of
ptic axons, as is weakly visible in the E13.5 brain. These
arly stripes are caused by labeling on the inner surface of
he neural tube. Two stripes of heavily labeled cells in the
entricular layer of the tectum precede the retinal innerva-
ion that travels on the outer surface; these stripes fade,
hen the axons arrive (not shown here). Because the re-
orter labeling indicates a high local propensity to respond
o RA, the matching ventricular stripes could be a sign that
he tectum becomes ready to respond to RA synthesized in
he axon bundles from dorsal and ventral retina. As the
arly tectum does not seem to contain a local source of RA
ynthesis, it is not clear where the RA for the ventricular
abeling comes from, but it may originate from V1 ex-
ressed in the forebrain (McCaffery and Dra¨ger, 1994a; see
ig. 2 above).
DISCUSSION
Development of the vertebrate eye is vulnerable to ex-
perimental changes in RA actions: reductions due to vita-
min A deficiency (Warkany and Schraffenberger, 1946), RA
synthesis inhibition (Marsh-Armstrong et al., 1994), or RA
eceptor knockouts (Kastner et al., 1994) reduce the size of
he ventral eye, and RA excess eliminates dorsal retina
arkers (Hyatt et al., 1996). These malformations indicate
hat normal development of the ventral retina requires high
A levels and normal development of the dorsal retina low
A levels. Local RA levels in the eye are regulated by four
etinoid-metabolizing enzymes, three that synthesize
RALDH2, V1, AHD2) and one that degrades (CYP26) RA.
rom the morphological analysis of the expression patterns
f these enzymes presented here a model can be made
hich describes their causal relationships in normal eye
evelopment and which is consistent with the ocular reti-
oid teratology:
FIG. 5. (A) Brain stems from RA-reporter mice at different ages to
and mesencephalic targets. The telencephala have been removed at
with rostral oriented to the left. The retinofugal projections from
bundles, as the axons from the RA-poor CYP26 stripe are unlabel
nucleus lateralis posterior; pt, pretectum (a few fibers have been acc
ic, inferior colliculus; arrow, mesencephalic flexure. (B) Surveys
colliculus, mapped by single-unit recordings in adult mice (Dra¨ger a
Because the geniculate is located at the upper and lateral diencep
laterally. This allowed mappings of the upper visual field, but the lo
in vertical meridians (straight lines) and horizontal meridians (dot
apart, and in the collicular map they are 10° apart. The overall vis
and nasal. (C) Schematic summary for the topographic projections of the
Copyright © 2000 by Academic Press. All right(1) RA generated by the transient expression of RALDH2
t the ventral edge of the eye field induces expression of the
1 dehydrogenase.
(2) RA synthesized by V1 and RALDH2 activates tran-
cription of CYP26 in the dorsal eye anlage.
(3) CYP26 degrades RA in the dorsal field, thus creating
he conditions for activation of the dorsal AHD2 enzyme.
(4) Finally the enzymes sort into three domains, a dorsal
HD2 and a ventral V1 compartment, separated by a
orizontal CYP26 border.
This model makes no assumption about how the se-
uence begins, i.e., how RALDH2 is activated. A possible
actor for this is Vax1, a homeobox gene expressed slightly
arlier than RALDH2 in a similar rostroventral location of
he forebrain plate (Hallonet et al., 1998). The model then
redicts that V1 is activated, either directly or indirectly,
hrough RA produced by RALDH2. Although it is not yet
nown what controls the expression of V1, the prediction
hat it is inducible by RA is consistent with changes
isualized in a RALDH2 knockout mouse with the RA-
eporter mouse system (Niederreither et al., 1999). All
eporter labeling in the eye/face and beginning brain, which
s presumably caused by V1 (see Fig. 2, above), has disap-
eared in the RALDH2 null mutant, except for a weak spot
hat appears slightly later in the dorsal eye field and that
robably indicates AHD2 activity. The assumption that
YP26 expression is activated by RA is consistent with the
nown characteristics of this enzyme (Fujii et al., 1997; Ray
t al., 1997; White et al., 1996); it is not clear, however, why
he activation occurs only in the dorsal eye anlage. The last
ssumption, i.e., that AHD2 expression requires low RA
evels, is consistent with the observation that high exog-
nous RA abolishes expression of this enzyme and that low
A levels have little effect on the dorsal eye (Hyatt et al.,
996; Marsh-Armstrong et al., 1994). Finally, there is no
xplanation for the mechanisms that segregate the enzymes
nto the three subdivisions.
Within the retina, the RA-generating enzymes are prob-
bly involved in the activation of other factors that are
xpressed in similar dorsoventral patterns. In addition, the
A pattern is likely to be propagated toward the brain
hrough anterograde axonal transport of the enzymes, as is
the trajectory of the primary optic projections to the diencephalic
nternal-capsule sites, and the brains are shown from their left sides
RA-rich dorsal and ventral compartments appear as two separate
, optic chiasm; ot, optic tract; lgn, lateral geniculate nucleus; lp,
tally dislodged here in the P0.5 preparation); sc, superior colliculus;
he visual-field projections onto the left geniculate and superior
ubel, 1976). The collicular map is projected into a horizontal plane.
surface, its surface has been mapped onto a plane tilted by 30°
part could not be mapped in detail. Visual-field locations are given
nes). The meridians shown for the geniculate map are spaced 20°
eld orientations are indicated on the maps as up, down, temporal,show
the i
the
ed. ox
iden
of t
nd H
halic
wer
ted li
ual-fiupper and lower visual field compartments onto an E18 brain stem.
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468 Wagner, McCaffery, and Dra¨gerindirectly visualized here in the axonal patterns of the RA
reporter mouse (Fig. 5). AHD2 is anterogradely transported
in the optic axons projecting from the dorsal embryonic
retina (McCaffery et al., 1991), and in another system (the
adult nigrostriatal projections), axonally transported AHD2
has been shown to be enzymatically active (McCaffery and
Dra¨ger, 1994a). Similarly, high levels of enzymatically
active V1 enzyme are detectable in the optic nerve (McCaf-
fery and Dra¨ger, unpublished). Axonal transport of aldehyde
dehydrogenases is probably common, since the RALDH2
enzyme is also axonally transported when it is expressed in
axon-bearing neurons, such as the motor neurons of the
spinal cord (Berggren et al., 1999). Whether CYP26 is
axonally transported is not known. RA synthesis in the
optic axons may account for some of their inductive and
pathfinding properties, including their trophic influences
on visual targets (Harris, 1989; Tuttle et al., 1998).
Eye formation begins prior to the appearance of the
retinoid-metabolizing enzymes, and it is mediated by fac-
tors whose expression is probably not dependent on RA
(Furukawa et al., 1997; Mathers et al., 1997). The retinoid-
related eye malformations show that during a brief stage,
when the eye anlage takes shape and when the enzymes
first appear, RA acts as an overriding factor for dorsoventral
eye formation (Hyatt et al., 1996; Marsh-Armstrong et al.,
1994). After this stage, RA changes have little effect on the
overall shape of the eye, and other factors are likely to
become dominant for ocular morphogenesis. Practically
every factor known to be significant in Drosophila eye
development has direct homologues in vertebrate eye de-
velopment. Even the dorsoventral subdivisions of the em-
bryonic mouse retina resemble subdivisions in the Dro-
sophila eye disc (Brodsky and Steller, 1996; McCaffery et
al., 1999). The main exception is RA: no RA receptors have
been identified in insects (Laudet, 1997), and there is no
indication for retinoid-dependent ocular teratology in flies.
This discrepancy in RA usage correlates with a difference in
the visual cycles. In the vertebrate eye, light leads to release
of the visual chromophore retinaldehyde from opsin, but on
invertebrate opsins, retinaldehyde remains covalently
bound (Saari, 1994). Because free retinaldehyde is toxic, the
primary function of aldehyde dehydrogenases was probably
a detoxifying role, protecting ocular proteins from free
aldehyde that escaped the visual recycling process in very
bright light. The product RA may then have stimulated the
rapid adaptation of older orphan receptors into RA receptors
(Escriva et al., 1997), and RA has gained control over some
of the more ancient molecular mechanisms in eye forma-
tion (Dra¨ger et al., 1998; McCaffery et al., 1996). A possible
explanation for why RA took control mainly over the
dorsoventral dimension of eye formation could be related to
the older dorsoventral differences in visual retinoid func-
tions mentioned above (Reuter et al., 1971; Seki et al.,
1989).
The comparisons of the optic projections in the reporter
mouse with the physiologically determined visual maps
(Fig. 5) show that the axis of the RA divisions in the retina
Copyright © 2000 by Academic Press. All rightcorrelates with the vertical visual field representation. One
wonders, however, how this squares with the aslant eye
position and sloping ocular coordinates in mice (Dra¨ger and
Olsen, 1980; Sze´l et al., 1992). In adult mice, the eyes are
positioned obliquely in the head, pointing partly laterally
and partly upward, i.e., covering the directions from where
danger might approach. The vertical midline of the visual
field extends from in front of the mouse over its head and
beyond the zenith; consequently, the optic projections of
the vertical midline fall onto a region of the retina that is
located temporoventrally with respect to the lid fissure
(Dra¨ger and Olsen, 1980). The optic projections of the
vertical midline in the two eyes mark physiologically
corresponding locations in mammals: for binocular vision,
the midline representations through the two eyes are
brought into register in the visual cortex. When mice nod or
extend their head, they keep the visual field representations
from the two eyes precisely aligned through compensatory
rotations of the eyes by up to ;70° (Dra¨ger, unpublished).
Because of this rotation, the lid fissure cannot serve as an
indicator of the ocular coordinates, but these are marked by
the insertions of the ocular muscles (see Fig. 4). A line
connecting the insertions of the superior and inferior rectus
muscles runs parallel to the optic projections of the zero
vertical meridian and perpendicular to the RA subdivisions
(Fig. 4, bottom).
A correspondence of the embryonic dorsoventral axis
with the vertical visual field representation in the adult is
intuitively convincing for frontally placed eyes as in hu-
mans. To find that this correspondence holds also for the
oblique visual system in mice makes it rather likely that it
is generally the case for vertebrate eyes. This implies, on
the one hand, that the coordinates of the functional visual
system are already determined by the coordinates through
which the eye is formed in the early embryo. On the other
hand, the correspondence supports the hypothesis that the
RA-mediated mechanisms in eye formation are evolution-
arily linked to the function of the RA precursor retinalde-
hyde as visual chromophore.
In addition to the involvement of RA in the formation of
dorsoventral ocular coordinates, the division of the devel-
oping retina into RA concentration zones relates to another
retinal pattern in the mouse: an area of higher visual acuity.
The projection of the optic axis in mice, as given by the
projection of the optic disc, points about 60° laterally from
the midline and 40° above the zero horizontal meridian
(Dra¨ger, 1975; Dra¨ger and Hubel, 1976). Since the CYP26
stripe is located just above the optic disc, its area will give
rise to the retinal region that views a broad horizontal zone
just above the horizon and below the optic-disc projection.
This region includes the area of highest visual resolution
and vertical/horizontal anisotropy in the mouse, i.e., the
area whose central representation is twice as magnified
along the vertical than the horizontal dimension (Dra¨ger
and Hubel, 1976). A square viewed in this part of the visual
field projects onto visual areas as a rectangle that is twice as
high as it is wide. While this anisotropy in the mouse
s of reproduction in any form reserved.
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469Retinoic Acid in the Developing Visual Systemappears pronounced, it is rather subtle in comparison with
some other species. In the mouse the anisotropy is detect-
able only in functional tests, by physiological recordings of
visual responses. The retina shows no obvious specializa-
tion at the corresponding location, i.e., there is no sign of a
visual streak in the mouse (Dra¨ger and Olsen, 1981). The
rabbit retina, by comparison, contains a very obvious visual
streak which projects parallel to the horizon, like the
corresponding area in the mouse. In the central visual
projections of the rabbit visual streak, the vertical/
horizontal anisotropy is much more pronounced than in the
mouse: a square in the visual world maps as a rectangle that
is 8–10 times taller along the vertical field meridians than
it is wide along the horizontal meridians (Hughes, 1971).
The embryonic rabbit retina is very likely divided into RA
concentration zones similar to those described here for the
mouse, because this arrangement seems universal to verte-
brates (Marsh-Armstrong et al., 1994; McCaffery et al.,
999; Mey et al., 1997). It will be interesting to test whether
he rabbit visual streak forms in a location marked by
YP26 expression.
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